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EXPERTMENTAL INVESTIGATION OF ATR~COOLED TURBINE
BLADES IN TURBOJET ENGINE
- INTERNAL-STRUT-SUFPORTED ROTCR BLADE

By Reeves P, Cochran, Francis S. Stepka, and
Morton H. Krasner

SUMMARY

An gir-cooled internal-strut-supported blade was investigeted in a
modified production turbojet engine to determine the cooling effective-
ness of this type of blade design and the cooling-air pressure loss
through the blade under engine operating conditions. This blade con-
sisted of a finned internal load-carrying member or strut integral with
the blade mounting base and an sttached shell that forms the alrfoil
shape and insuletes the strut from the direct effects of the hot gas
stream. The greater part of the investigation was conducted over a
range of engine speeds from 4000 to 11,500 rpm and a range of coolant-
to-gas weight-flow ratios per blade from approximstely 0.02 to 0.10.
The experimental results of this investigation are presented and com-
pered with the results from an analytical investigation of a similer
internsl-strut-supported blade and with the results of experimental
investigations of shell-supported blades.

At operating conditions of rated engine speed, an effective gas
temperature of 1450° F, a cooling-air temperature of 450° F, and a
coolant-to-gas weight-flow ratio per blade of 0.03, the stress ratio
factor (a ratio of the integrated mean of the allowsble stress for each
radisl blade element to the calculated mean centrifugel stress) for the
strut-supported blade was 3.06 as campaered with 2.51 for an improved
shell-supported blade. At these same operating conditions, the tempera-
ture of the strut of the strut-supported blade at the 3/8 -span midchord
location was 728° F and the temperature of the shell of the shell-
supported blade at the same location was 1010° F. The strut-supported
blade, because of the lower operating temperatures and higher stress-
ratio factors, indicates pramise of operating at higher turbine-inlet
temperstures or at lower coolent-to-gas weight-flow ratios per blade
than the shell-supported blade.
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The pressure -losses through the strut-supported blade are within
the range of losses dbtained with previously investligated shell-supported
bledes; however, the cooling effectiveness of the strut-supported blade
is higher, for a given pressure loss, than the cooling effectiveness of
any of the shell-supported blades previously investigated. Comparisons
of the analytically calculated and the extrapolsted measured average
strut temperatures showed that, at an effective gas temperature of
1530° F, a cooling-alr temperature of 200° F, and for coolant-to-gas
welght-flow ratios per blade up to 0.02, the extrapolated measured tem~
perature was a maximm of 60° F higher than the asnalytically calculated
temperature. The analytical method of predicting temperatures in a
strut-supported blade was therefore concluded to be sufficiently accurate
for design purposes.

INTRODUCTION = = - . e

An investigetlon of various eir-cooled turbine blade configurations

under conditions of actual engine operation is being conducted at the
NACA Lewls leboratory in order to determine alr-cooled blade designs
that will permit the use of noneriticel materials both at current
turbine-inlet temperatures and at higher turbine-inlet temperatures.
Previous investigations of a variety of air-cooled rotor blades (refer-
ences 1 to 9) have indicated that shell-supported blades of low alloy .
steels with tubes in the coolant cavity to sugment the internal heat-
transfer surface area appear to be structurally satisfactory for cooling-
elr to combustion-gas weight-flow ratios (herein called coolant-to-gas
welght-flow ratios) as low as 0.03 when .operated in turbojet engines at
current turbine-inlet temperatures. Modifications of air-cooled tur-
bine blades to reduce chordwise temperature gradients by conduction or
film coollng showed little promise of improving the over~all blade
cooling effectiveness; consequently, other meens of improving air-
cooled blades were studied. A promising concept of blade deslgn was
derived from this study that indicated potentialities for operation at
higher geas temperatures end at lower coolant-flow requirements than
obtaineble with previously investigaeted blades. The proposed blade
design uses & cooled internsl element or strut as the main support .
member thereby taking advantage of the lower temperature le¥el and cor-
respondingly higher permissible stress level in the internal strut. '
The blade shell is attached to the strut in such a manner that the shell
is required to support its own weight only between points of attachment.
An analytical comparison of this internal-strut-supported blade with a
shell-supported bldde at an effective gas temperature of 1530° F and a
coolant-to-gas welght-flow ratio of 0.02 (reference 10) indicated that
the main support member of the internsl-strut-supported blade would
operate approximately 245° F cooler at the 3/8 ~-span position than the
main support member of the shell-supported blade at a similar location,
thereby showing a greater potential of the strut- supported blade for
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application in turbines with higher gas temperatures. Becguse of the
great Improvements in cooling effectivenese indicated in reference 10,
en Internal-strut-supported blade was febricated end investigated in s
modified turbojet engine in order (1) to determine the cooling effec-
tiveness and the. cooling-air pressure losses of the strut-supported
blade, and (2) to compare the experimentel results of this investiga-
tion with experimentel results of previously investigated air-cooled
blades and with results obtalned In the analyticel investigation of a
similar strut-supported blade in reference 10. The results of this
investigation were used tc compare the strength-carrying capacity of
the strut-supported blade with that of a shell-supported blade, and to
evaluate the possibility of coperating a strut-supported blade at either
higher turbine-inlet temperatures or lower coolant flows than shell-
supported blades or both. Blade temperatures were investigated over a
range of engine speeds from 4000 to 11,500 rpm, and the cooling-air
pressure losses were Iinvestigated over & range of engine speeds from
4000 to 10,000 rpm. The greater part of both of these investigations
was conducted over & range of coolant-to-gas welght-flow ratios per
blade from epproximately 0.02 to 0.10.

APPARATUS

Engine

The modified turbojet engine and the engine instrumentaetion used
for this investigation are described in detall in references 1 and 2.
There was only one experimental cooled internsl-strut-supported blade
in this investigation and it was balanced in the turbine wheel by a
shortened solid blade of equivalent weight instelled dismetrically
opposite. For part of the investigation, a hollow uncooled blade of
the same profile as the experimental blade was installed on each side
of the experimental blade to provide more favorable flow conditions
around the blade. A similar blade on elther side of the shortened
solid blade was used for balance of the wheel. For the remginder of
the investigation, conventional uncooled turbine blaedes were used in
the positions adjacent to the cooled blade.

Blade Design and Febrication

Blade design. - The basic principle of the air-cooled; Iinternal-
strut-supported 'blade design is the thermal isolation of the load-
carrying member from the hot gas stream. This isolation is accomplished
by attaching a thin airfoil-shaped, sheetmetal shell to projections on
the strut at several points and by passing cooling air between the shell
and the strut. In such a design the strut must carry the entire weight
of the shell in addition to its own weight. It was pointed ocut in
reference 10 that the best way to support this load was to distribute
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it over the whole span of the blade. Because of the added weight of
the shell, the stresses in the root of the strut will be higher than in
the more conventionsl shell-supported blades unless a greater taper
retic can be built into the strut., The disadvantage of the higher
stress level in the strut can be more than offset, however, by the fact
that the strut operates at a much lower temperature than the shell of
the shell-supported blades and can, therefore, safely permit high stress
levels. Factors aeffecting the mexlimm teper in the strut are the taper
in the airfoil, the cooling-air flow-area requirements at the root sec~
tlon of the blade, and the need for projections or fins on the strut to
provide points of attachment for the shell and to provide passages for
the cooling air all the way to the tip section. A tapered sirfoil would
increase the possibilities for a more favorable taper ratio in the
strut, but in the present investigation the airfoll was Untapered and
nontwisted so that heat-transfer results could be compared with similar
results obtained on previcusly investigated blades reported in refer-
ences 1 to 9. Additionsl cooling fins on the strut, which are not in
contact with the shell, help to reduce the strut temperatures. Taper-
ing these attachment and cooling fins would help to reduce the rodt
stresses .on the strutb, but because of the difficulties in Ffebricating
tapered fins untapered fins were used in this experimental blade.

Because of the nature of the test apparatus avallable for this
investigation, 1t was necessary that the blade have a serrated mounting
base and that the cooling alr be introduced through the blaede base. In
order to_meet these requirements, the strut had to be supported on “the
base in -such a manner that the cooling sir could pass through the blade
base to reach both sides of the blasde shell.

In view of the previcusly mentioned requirements and desirable
features for an internsl-strut-supported blade, the blade shown in
figures 1 and 2 was designed for use in this investigation. The strut
and shell are shown before assembly in figure 1(a) and after assembly,
in figure 1(b). A chordwise cross-sectional view of the blade profile
at the raot appears in figure 2(a). The outside profile of the shell
1s the saéme as that of configuration A of reference 9 and is similar to
the root-section profile of the turblne-rotor bladé for the engine in
which this investigation was conducted. A spanwise cross-sectional
view of the blade appears in figure 2(b). Cooling air, which is intro-
duced at the base of the hlade, flows radially outward between the fins
on the strut and is discharged at the blade tip. Thus, the strut is

surrounded by cooling air except along the edges of the fins in contact

with the shell. In addition, the inside surface of the shell is cooled
by the air flowing past.

The main body of the strut is tapered spanwise from a midchord

thickness of 0.20 inch at the root section to a midchord thickness of
0.04 inch at the 3/4-span section where it ends. Integral with the main
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body of the strut are a total of 38 parallel radial fins distributed
chordwise along both sides of the blade as shown in figures 2 and 3.
Fourteen of these f£ins are 0.040-inch thick and are in contact with the
blade shell for their entire length. Twelve of these fins extend the
full.spen of the blade. At the 3/4 span, the strut ends and the 12 fins
combine in pairs to form 6 fins extending from the suction to the pres-
sure side of thé blade. The remaining two fins, located in the trailing
edge, extend only to the 3/4-span section. The shell is attached to
the strut on the edges of these fins. The remaining 24 fins, which are
0.020-1inch thick and extend from the root to the 3/4-span sectiomn, do
not touch the shell except for a l/é-inch length at the 3/4-span posi-
tion. These f£fins serve only to increase the heat-transfer surface of
the strut.

A chordwise slot on each side of the blade base introduces cooling
air from the supply tube in the wheel through the blade hase to a plenum
chamber in the top of the base platform. This chamber aids In the dis-
tribution of the cooling air to all partes of the blade. The top of this
chember is covered by a cooling cap (fig. 2(b)) which is welded to the
blade base and to the blade shell at the root sectlon.

This blade was of the same general design as the blade analytically
developed in reference 10.

Shell attachment. - One of the problems.assoclated with the strut-
supported blade design was that of attaching and supporting the hot shell
on & cool internal member. The pointe of attachment between the shell
and strut had to be sufficiently strong in order to transfer the load of
the shell to the strut. However, because these points of attachment
were also paths of heat conduction into the strut, the contact area had
to be as smaell as possible to minimize heat transfer to the supporting
strut. The most expedient method of fulfilling the requirements of this
attachment problem was spot—welding intermittently along the span.

The spot welds ere subjected to thermal loads because of the tem-
perature gradient between the strut and shell as well as the centrifugal
load of the shell. Therefore, a calculation was made to determine the
magnitude of these loads assuming 14 chordwise rows of spot welds along
the span as shown in figure 2(b). These rows are numbered consecutively
from row 1 near the root to row 14 near the tip. The simulated operating
conditions for this calculation were rated engine speed (11,500 rpm) and
gas shell and strut temperature distributions as shown in figure 6 of
reference 10. The details of the method of calculating the thermsl
forces are given in appendix A. The first calculations were made for
14 spot welds per row expect for rows 12 to 14 in which there were
12 welds per row, giving a total of 190 spot welds on the entire blade.
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The calculation showed thet the maximum. thermsl force occurred at the
row nearest the tip and was 70 pounds per spot weld. With the assump-
tion thet each row of spot welds carries a strip of shell 1 inches
wide, the center of gravity of which is at the same radial position as
the row of spot welds, the maximum calculated centrifugsel load per spot
weld, which glso occurred in the row nearest the tip, was 28 pounds.
Therefore, the maximum total load on a 8pot weld was 98 pounds and
occurred in the row of welds nearest the tip of the blade.

In order to Judge the adequacy of the spot welds under Such loads,
an experimental investigation was made of the strength of the spot welds
Joining samples of the strut end shell materlisls in en arrangement simi-
lar to that found in the blade., The best results from the standpoint of
maximum strength and minimm dimpling of the shell were obtained with an
electrode dismeter of 1/32 inch, a welding force of 15 pounds, and a
welding machine settlng for high current flow. BShear-strength values

obtained with this technique ranged from 100 to 175 pounds per spot weld

at room temperature and from 95 to 120 pourds per spot weld at 1000° F.

These results indicated that the last row of spot welds under a
calculated shear load of 98 pounds would be operating very close to the
stress level at which failure would occur.  Because this row was sssumed

to contain only 12 spot welds the occurrence of a faulty weld might have

caused failure of the row and subsequent progressive failure of the spot
welds 2ll the way down the bladé. In order to avoid this, the number

of spot welds at the eleventh row was increased to 38 by spot-welding™
to the 0.020-inch thick fins as well as to.the 0.040-inch f£ins (see

fig. 1(b)). A calculstion was then mede assuming fallure of all the
spot welds in rows 12 to 14. This resulted in a total shear force of

65 pounds per spot weld in row 1l. This maximum value of load on the

spot welds was considered safe particularly with respect to the greater

nunber of spot welds in the row exposed to. the load. Additional cal-
culations showed that the shell could supptrt its own weight fram row ll
outward.

As a result of the experimental strength Investigation end the
enalytical stress calculatlons on the attachment of the shell to the
fins of the strut with spot welds, a final spot-weld pattern consisting
of 14 chordwise rows with 14 spot welds per row in rows 1 to 10,

38 spot welds in row 11, end 12 spot welds per row in rows 12 to 14, or
a total of 214 spot welds on the entire blade, was evolved for use in
fabricating the internal-strut-supported blade. Some simplified models
of the airfoll portion of the strut were Titted with shells by use of
this spot-weld pattern and the’ asseﬁblies were investigated statically
under conditions of temperature ‘difference between shell and strut in
order to determine the strength of the shell attachment under simulated
thermel loads. The results of this investigetilon indiceted that large
temperature gradients caused failures of a few spot welds in the last
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one-quarter span, as had been anticipeted, but in the remasinder of the
blade the spot welds held successfully. Centrifugel forces due to
rotation would increase the possibility of spot-weld failure, but
because these forces are small in comparison with the thermal forces,”
spot welding in the manner previously specified was concluded to be
satisfactory for attaching the shell to the strut.

Fabrication. - The fabrication of this bléde was accomplished in
an experimentsl msnner and not by methods that would ordinarily be used
in production. This type of blade, however, should easily lend itself
to a number of conventional production-fabrication techniques such as
casting the-integral strut-base section or by brazing spanwise lamina-
tions to form the strut-base section. Further development of the basiec
design, however, will be necessary before this blade could be reproduced
in production quantitles by economical methods. '

In making this blade, the strut and base were machined integrally
from a bar of SAE 4340 steel, a material with @bout 3 percent critical
metal content. Timken 17-22A(S) alloy steel would be a better material
for the strut with respect to strength at high temperature, but because
of the unavailgbility of this material, SAE 4340 steel was used for this
experimental blade. The profile of the inner surface of the shell was
cut on the bar end the fins were formed by milling parallel spanwise
grooves of varying depths from the root section to the 3/4:—span section.
A depression wes machined in the top of the base and the two cooling-
ailr slots were cut in the base to form the cavity for the blade-base
plenum chamber and the cooling-air entrance through the base, as shown
in figure 2(b). The strut and rough-machined base were then heat-
treated to a hardness of Rockwell C-25. ’

The shell was made of a 0.018-inch thick Inconel sheet that was
rolled into a tube, filled with wax, and die formed to the proper pro--
file similar to the method described in reference 11, The cooling cap
was cut from 0.060-inch Inconel sheet to the size of the blade base
platform with a cutout the shape of the shell profile. The shell and
the cooling cap were welded together, and the shell, but not the ccol-
ing cap, was then split spanwise at the leading and trailing edges so
that it could be welded to the strut at these points. The cooling cap
and shell were slipped over the strut and the shell was spot-welded to
the strut in the manner described in the previous section of the report.
The leading and treiling edges of the shell were than heliarc welded
to the strut, and the cooling cep was welded to the top of the blade
base in a similar maenner. The finel step in the fabrication of the
blade was the grinding of the base mounting serrations- in order to per-
mit installetion in the modified turbine rotor.
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Blade Instrumentation

Thermocouples for measuring the temperasture of the strut at various
spanwlse and chordwise stations were installed as shown in figure 3
after machining was completed and before assembly was begun. A sche-
matic sketch of the blade and the thermocouple locations is shown in
figure 4. An attempt was made to measure a spot-weld temperature and a
shell temperature with thermocouples 1 and 2, respectively, at approxi-
metely the 3/8 -gpan midchord position on the suction side. These two
thermocouples failed early in the test running, however, and no tem-
peratures were recorded for these locations. Thermocouple 3 was located
on the suction side of the strut at the 1/4-chord, 3/4-span position in
order to measure the temperature of the mein body of the strut at this
point. Thermocouples 4 to 6 were installed from the pressure silde of
the support member, but the thermocouple junctlons were located so as
to measure the temperstures at the base of the 0.040-inch thick fins of
the strut on the suction side. They were placed at the leading edge,
mldchord, and nesr the trailing edge, respectively, at gbout 3/8-span
from the root. - . L ) _ .

In sddition to the instrumentation on the test blade, thermocouples
were installed at spproximately the B/B—span.position at the leading edge
on two solid uncooled blades in order to measure the effective gas tem-
perature. The temperature of the cooling air at the entrance to the
blade base was measured by a thermocouple in the air-supply tube at this
point (fig. 4). Details of the rotating thermocouple lead system are
described in reference 1. .. -

PROCEDURE
Experimental Procedure

The procedure, followed in conducting the experimental runs on the
internasl-strut-supported blade in engine operation was the same as that
followed In-previous investigations of other blade configurations T
(references 1 to 7 and 9). Rune at engine speeds from 4000 to 10,000 rpm
were made with the internal-strut-supported blede as preViously deécrfﬁéd.
‘The failure of an uncooled hollow blade adJacent to the strut supported
to the extent that - approx;mately 1 inch of the span had to be removed at
the tip. After replacing the hollow unccoled blades with conventional
twilsted s0lid blades, the investlgation was continued with the shortened
test blade and ruis were made over a range of engine speeds from 4000
to 11,500 rpm. At each engine speed, the cooling-air flow, which was
supplied fram en external source, was varied, for the greater portion
of the investigation, over a range of coolant-to-gas weight-flow ratios
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per blade from spproximately 0.02 to 0.10. The investigation was con-
ducted with an adjusteble exhgust nozzle in the full-open position which
gave effective temperatures lower than the temperatures that would exist
at rated engine thrust. '

Celculetion Procedure

Blade-~temperature correlation. - It has been shown in reference 1
Tg,e - T
g,e ~ Ta.,e,h

cooling-air and combustion-gas weight £flows for hollow air-cooled
blades, blades with inserts, and blades with internal fins. (A1l sym-
bols used in this report are given in appendix B.) In this expression,
Tg 1s the local temperature of the blade shell, Ta,e,h is the cooling-
air temperature at the root of the blade, and Tg,e is the local

effective gas temperature.

that the relation @ = T is approximately a function of

Unpublished numerical exémples using the analysis of reference 10
showed thet, when @ for the strut was computed using the strut tem-
perature for Tp, only slight varlstions in the calculated values of @

for a specific spanwilse position were encountered when the values of
cooling-air temperature at the blade root Ta,e,h and local effective

gas temperature were changed arbitrarily and cooling-eir and combustion-
gas weight flows remsined constant. These numerical exemples indicated
that for strut-supported blades, ® was approximetely e function of
cooling-alr weight flow wg and combustion-gas weight flow Wg as in
the case of the blade configurations of previous investigations of this
series. Because 1-9 is more suitdble than ® for plotting on loga-
rithmic scales where the blade cooling effectiveness is high, the data
were correlated by a plot of 1-9¥ against wg/wg.

Method of cbtaining data at rated engine speed. - In order to
determine values of 1-® for the full-length blade at rated engine
speed (11,500 rpm), the values of 1-9¥ for this blade at combustion-
gas Flows corresponding to lower speeds (4000 to 10,000 rpm) Were com-
pared with the values of 1~ for the shortened blade at combustion-gas
flows corresponding to the entire range of engine speeds from 4000 to
11,500 rpm at & number of coolant-to-gas welght-flow ratios per blade.
The curves of 1-® for the full-length blade were extrapolated to the
combustion-gas £low of rated speed by extending the curves for the full-
length blade at the same slope as the corresponding curves for the
shortened blade.
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Pressure loss through blade. - A method of correlating the cooling-
alr pressure loss from the rotor hub to the blade tip that occurs when
cooling air passes through the rotating coolent pessages is developed
in reference 2. The value of the pressure-loss parameter

2. 2
Ps,H,r ' ( W' Tn™Pg | r)
| o e—td 1 - 1 - 51,
T Po (Pa"H)r Pm,r - 70.7 (l)

which.is obtained for various cooling-sir flows and engine speeds is _ = _

plotted against cooling-sir flow. In order to determine the pressure
loss through the blade only, the cooling-sir pressure loss from rotor
hub to the blade base (a.s determined by static investigation, refex-
ence 3) is subtracted fram the pressure-loss parsmeter, so that the

pressure loss through the blade then becomes,

2o 2
Yl - EEJ—HLI:- Pl T - <P' - w rT p&,H,I‘) - .p_a'LHZ_s. [Pl - D
po - a', ’r m,r\ 70.7 po a’H,B a:’h,s

(2)

Equation (2) has been altered from its presentations in refer-
ences 3 to 7 in order to define same of the variebles more fully and to
avold errors in the interpretation of the equatlon. The subscript =r
refers to pressures and densitlies measured during engine operation with
the turbine rotaeting. The subscript s refers to measurements teken

under statlc conditions. : _ Lo

For very hlgh heat-transfer retes, errors maey arise in correlsting
pressure losses using an inlet density because of the density changes
thaet occur through the passage. For such a case the average density
through the passage provides a better correlation. In order to deter-
mine if an error was involved in the use of the inlet density rether
than sn average density in equation (2) for evaluating pressure losses

through air-cooled gas-turbine blades, mmerical exsmples were calcu- = .

lated from unpublished pressure-loss date for a blade at static condi-
tions for & wide range of heat-transfer rates using both average and
inlet blade densities. The error involved in using the inlet density
rather then the average density for purposes of correlatlion was found

to be small; consequently, the use of blade-inlet densitles for cor-
relation of cooling-air pressure losses through gas-turbine blades
apparently is Jjustified. Numerical exemples using a value of 17 = 0.27
and pressures obtained fram engine data have shown that for all practical

p
purposes the density ratio .BP‘-LIL-E can be represented as a function i
a,h,r ’ ’

"
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of Wwg only. The maximum varistion with engine speed for a given value
of wg was approximstely 2 percent from a mean line through all dasta
for speeds up to 10,000 rpm. Therefore, because it is more convenient

to measure the density at the rotor hub then the density at the blade
inlet, the pressure losses were correlated by use of equation (2) where

the rotor hub density Pa,H,r Was substituted for the blade-inlet den-

Camparison of cooling effectiveness (for range of coola.n‘b f£lows)
of stru‘b-suplorted blade and shell-supported blade with internal tubes. -
In order to obtain the relative temperature level at which the strut-
supported blade and a shell-supported blade coperate, & comparison was
made of the chordwise temperature distributions of the main support
members of the strut-supported blade and en improved shell-supported
blade (reference 9) that was tube-filled to increase the heat-transfer
surface. The comparison of the temperature distributions was made with
the date obtained at spproximately the 3/ 8-span positions on both
blades. The temperatures of the strut-supported blade were cbtained
from the blade-tempersture data for thermocouple locations 4 to 6
(fig. 4) at an engine speed of 11,500 rpm, & combustion-gas flow of
71.4 pounds per second, and at values of coolant-flow ratios of 0.05
end 0.03. These date were extrapolated by use of the relative tempera-
ture ratio 1-® to conditions of effective gas temperature of 1450° F
(at the leading edge) and a cooling-air temperature of 450° F (at the
blade root) which would epproximately correspond to the tempersture of
air bled from the outlet of the engine compressor. On the basis of the
Previously mentioned numericel examples from the data of reference 10,
this extrapolation method is considered to give good approximations of
blade temperstures under conditions of cooling-air and combustion-gas
temperatures other than the actusl experimental conditions. This
extrapolation method was used throughout the present report.

The temperatures of the shell-supported blade were obtained from
the tempersture-difference ratios. ®@  of reference 9 for five chord-
wise locations. These data were extrapolated by use of the values
1-® to the same conditions as the strut-supported blade except that
the engine speed was assumed to vary slightly from 11,500 rpm in order
to maintain the combustion-gas flow constant at 71.4 pounds per second.
This combustion-gas flow did not occur at an engine speed of exsctly
11,500 rpm during the investigation of the shell-supported blade because
of the difference in the ambient conditions of the two investigetions.

In order to compare further the cooling effectiveness of the pri-
mery supporting member of the strut-supported blade and the improved
shell-supported blade, a comparison was made of the average relative-
temperature ratios 1-P of the two blades at the 3/8-spa.n position
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over a range. of coolant-to-gas weight-flow Fatios per blade at an engine
speed of 11,500 rpm.  The values of 1-% for thermocouple positions
4 to 6.were used to determine the average relatlve-tempersture ratio
for the strut of the strut-supported blade. The ® wvalues at the five.
chordwlse locations previously mentioned in this section for the shell-
supported blade were used to determine the average relative—temperature
ratic for this blade. :

Comparison of stress-ratio factors (for range of coolant flows) of
strut-supported blade and shell-supported blade with internal tubes. -
In order to evalumte the strut-supported blade on the basis of load-
carrying cepacity, a comparison wes made of the stress-ratio factors
(e ratio of the integrated mean of the allowgble blade stress for each
radial element to the calculsted mean centrifugel stress) of the
internal-strut-supported blade with en improved shell-supported blade
(reference 9), over a range of cdolant-to-gas weight-flow ratios per
blade.

The stress-ratio factors for the comperisons were calculated in
the manner described in reference 9. The temperature dats for both
blades at rated speed (11,500 rpm), an effective gas temperature of }
1450° F, and & cooling-air temperature at the blade base of 450° F were
obtained as explalned in the previous section. The blades were assumed
to be made of Timken 17-22A(8) alloy, a metal with a Ilow critical- '
material content.

Comparison of cooling effectiveness (for range of pressure losses)
of strut- supported and shell-supported blaedes. - A comparison was made
of the cooling effectiveness of the strut-supported blade end two shell-
supported blades by using experimental values of the temperature-dif-
ference ratio ® for the leading edge, trailing edge, and midchord '
regions at the 5/8-span location for various cooling-slir flows which
corresponded to given pressure losses through the blades at an engine
speed of 10,000 rpm, The two blades chosen for the comparison were a
shell-supported blade with 15 fins inserted in the cooling-alr passage
(reference 2) and a shell-supported, reverse-flow blade (reference 4).
The reverse-flow configuration consisted of a tube-filled blade shell
thet was capped at the tip so that the air.that entered the base and
flowed through the tube inserts would reverse flow direction at the tip
and flow radially inward toward the base and then out of the blade '
through the spanwise slots at the leading end trailing edges.

The 15~fin blade was chosen for compafrison because 1t had the low-
est pressure losses of any of the air-cooled blades previously investl-
gated and represented a desirable goal to attain or exceed with the
strut-supported blade. The pressure losses for the reverse-flow blade
indicated the level of losses required to obtain effective film—coollng
for reduction of chordwise temperature gradlents; in addition, the
losses for this blade were the mexlimm for.sa glven air flow for any
blade previously investigated.

i, L !
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Comparison of extrapolated experimentsl and calculated average
strut_temperatures. - In order to determine the accuracy of the method
used in reference 10 to analytically predict temperatures on an internal-
strut-supported blade, a comparison of calculated average strut tempera-
tures from figure 7 of reference 10 and average strut temperatures based
on extrspolation of the measured values from the present investigation
was made at the 5/8-span position for verious coolant-to-gas weight-
flow retios per blade. The average relastive-temperature ratic 1-®
previocusly discussed was used to extrapolate the experimental tempera-
ture data to the conditions of the snalyticelly calculated data (Tg ,e

of 1530° F and Tg,e,n Of 200° F).

RESULTS AND DISCUSSION

Some representative results of the experimental investigation of
the strut-supported blade are shown in figures 5 to 9. Comparisons of
these results with those of other blades are shown in figures 10, 11,
and 13 %o 15. A summary' of the engine operating conditions for the
full-length strut-supported blade is given in table I and for the
shortened blade in table IT. The results and comparisons are discussed
in the following paragraphs.

Results from Internal-Strut-Supported Blade

Observed temperatures. - The variations of the observed strut tem-
peratures of the fuli-length internal-strut-supported blade at four
thermocouple locations are given in figure 5 for a range of coolant-to-
gas weight-flow ratios per blaede from 0.024 to 0.104 and a constant
engine speed of 10,000 rpm, the highest speed at which the full-length
blade was operated. Ae would be expected, the temperatures shown in
figure 5 at any thermocouple location decreased with an increase in
wa/wg, or primsrily an increase in wgy (as Vg remains constant at a
given engine speed and combustion-air inlet conditions). The diminish-
ing effect of additional cooling-air flow as the quantity of cooling
air increases is evident from the decreasing slope of the temperature
curves with increasing coolant-to-gas welght-flow ratios per blade.

The varistion of cooling-air temperature at the blade root Tg,e,h -
with the coolant-to-gas weight-flow ratio per blade Wa/wg for en engine

speed of 10,000 rpm is also shown on figure 5. The increase in Ta.,e,h
with a decrease in Wa/wg was due to the fact that the temperature of
the rotor, which was essentially constant for a given engine speed,
affected the smaller quantities of cooling air more than the larger
duantities.
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A chordwise tempersture variation at the 3/ 8-span position is = -
obviocus from a comparison of the temperature curves for thermocouples 4
to 6 (fig. 5). This variation is better illustrated in figure 6 where
strut temperatures at the 3/8-span position -are plotted against chord
position for vasrious coolant-to-gas weight-flow ratios per blade. The
strut temperature at the 5/4 ~-gpan position is as high or higher than
the temperature at the 3/8 ~span position for a corresponding chord _
location (reference 10). Therefore, the temperatures of thermocouple 3
at the 3/4 -span position are included in figure 6 to indicate the slope
of the curve between the leading edge and midchord positions. _ = .

Correlation of temperatures. - The strut tempera.ture__ data for each
thermocouple location were reduced to the nondimensiocnal relative tem-
perature ratid 1-@ and are recorded in tebles I and II. A plot of
these date for the full-length blade against coolaent-to-gas welght-flow
ratio per blade (fig. 7) shows a fairly good correlation of the tem-
perature data on this basilis with indications of a.small but general
trend of decreasing values of 1- cP for the strut wlth an increase in
engine speed. . .

A plot of 1-9P at thermocouplé positions 4 to 6 on both the full-
length blade and the shortened blade against the engine combustion-gas
welght flow corresponding to engine’ speed at a we/wg value of 0.05

(fig. 8) indicates that 1-® for the strut -of the full-length blade
was always lower, for a particular thermocouple position and engine
combustion-gas weight flow, than 1-P for the strut of the shortened
blade. Similar plots at other wajw values indicated the same trend.

The maximum difference in temperature between the shortened and full-
length blades at 10,000 rpm was epproximstely 25° F. This difference
may be the result of replacing the nontwisted blades adjacent to the
test blade with conventional twisted blades; or shortening the test
blade, or may be due to experimental error. However, the curves for
the two blades are similar in shape (fig. 8), which indicated that the
cooling characteristics of the two blades were similar though at 4if-
ferent levels. Therefore, the 1-% curves for the full-length blade
were extrapolated to the combustion-ges.weight-flow corresponding to
reted speed (71.4 lb/sec at 11,500 rpm) by comparison with the cor-
responding curves for the shortened blade. -~

Pregsure drop - The losses in cooling-sir pressure in fhe strut-

4 s w2

These pregsure logSes are shcwn in figure S for varlous cooling-alr flows .~

per blade wy. It is evident from figure 9 _that the cooling-air pressure

losses rise rapldly with increasing cooling-alr flow per blade. - This
trend is similar to that of previously investigated bleades.

C NN,
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Blade structural aspects. - A visual examinstion of the strut-
supported blade after completion of the 10,000 rpm series on the full-
length blade showed that six spot welds in the row nearest the tip had
failed. Four of these spot welds were on the concave (pressure) sur-
face and the other two on the convex (suction) .surface. At the time of
this inspection, there was no permsnent elongation of the blade, buck-
ling of the shell between spot welds, or visible cracking in the seam
welds at the leading and trailing edges or around the base of the blsde.
Failure of a hollow uncooled blade adjacent to the strut blade at
11,500 rpm caused numerous spot-weld failures on the concave surface of
the shell which buckled outward from the impact. However, no further
spot-weld failures occurred during the operatlion of the shortened
blade. At the conclusion of the investigation, the shell was pulled
off the strut so that the condition of the strut could be examined. No
dsmage to the remsining part of the strut was evident other than oxida-
tlon due to moisture condensation. Although the full-length blade was
not run at rated engine speed, its performance up to 10,000 rpm indi-
cated that it should be structurally satisfactory at 11,500 rpm. Fur-
ther investigations wlll be necesgsary in order to determine the effects
of rapid changes in temperatures on the spot-weld attachments.

Comparisons of Btrut-Supported Blade and Shell-
Supported Blades

Cooling effectiveness (for range of coolant flows) of strut-
supported blade and shell-supported blade with internsl tubes. - The -
Improved shell—supported.blaaé with internal tubes (blade 12, refer-
ence 9) was selected for comparison with the strubt-supported blasde on
the bases of the chordwise temperature distribution and the average
relatlve temperature ratio because this blade was the most promising
of the shell-supported blades previously investigated. The comparisons
were made at an effective gas temperature of 1450° F (at the leading
edge), a cooling-air temperature of 450° F, and an engine combustion-
gas welght flow of 71.4 pounds per second, as described in the PROCEDURE
section. The comparisons of the chordwise temperature distributions
shown in figure 10 indicate that the distributions for the two blades
were simllsr in shape, but the strut of the strut-supported blede
operated at a much lower temperature level than the shell of the shell-
supported blade. For example, at a value of coolant-to-gas weight-flow
ratio per blade of 0.03, the temperature of the primary supporting mem-
bexr of the strut-supported blade was at least 190° F cooler than the
temperature of the primary supporting member of the shell-supported
blade at corresponding chord locetions. The chordwlse variation of the
uncooled blade temperature (fig. 10) is due to the variation in local
Mach number along the blade (reference 9).
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A comparison of the average relative temperature ratios 1-¢ of
the mein supporting member of theseé two blades at the engine opersting
conditions stated in the preceding paragraph_is shown in figure 11 for.
various coolant-to-gas weight-flow ratios per blade. The camparisocn
indicates that the strut of the strut-supported blade opersted at a
lover tempersture level than the shell of the shell-supported blade
over the entire range of coolant-to-gas weight-flow ratios per blade,
and that, at a given value of relative temperature ratio, the strut-
supported blade cén be operated at a much lower coolant-to-gas weight-
flow ratio per blade than the shell-supported blade. ' -

Stress-ratio factors (for range of coolant flows) of strut-
supported blade and shell-supported blade with Internal tubes. -~ In
order to determine the relative load-carrying capacity of the strut-
supported blade, & camparison was made of the stress-retio factors of
the internal-strut-supported blade and an improved shell-supported
blade (blade 12, refereénce 9) over a range of coolent-to-gas welght-
flow ratios per blede. The comparison was maede at conditlions of rated
engine speed (11,500 rpm), effective gas temperature of 14502 F,
cooling-air temperature of 450° F, and with the assumption that the two
bledes were made of a noncritical material, Timken 17-22A(8) alloy
steel. The stress~to-rupture curve for lOO-hour life used in this com-
parison is shown in figure 12, : .- -

The results of the comparison shown in figure 13 indicate that the
stréss-ratio factor or the load-carrying cepacity of the strut-supported
blade is better than that of the improved shell-supported blade below
ratios of cooclant-to-gas weight-flow ratio per blade of approximately
0.08. The comparison also indicates that the stress-ratio factor of
the strut-supported blade is relatively constent because the strut tem-
perature at all coolant flows was low enough (below 900° F) that the
allowaeble stress of the blade was only slightly affected by temperature
chenges (see fig. 12). However, the atress-ratlo factor of the shell-~
supported blade is affected considerably by coolant flow because the
temperature of the shell is in the range (9200° to 1100° F) where small
temperature changes have a large effect on alloweble stresses. The
root stress ‘in the shell-supported blade i1s lower than the root stress
in the strut-supported blade, but only at high ratios of coolant- to-gas
weight-flow ratios per blade (more than O. 04) can the temperature of
the shell of the shell-supported blade be reduced to the point where
the lower stress level of the shell-supported blade gives a higher
stress-ratio factor for this blade than for the strut-supported blade.
At these higher coolant-to-~gas welght-flow ratios per blede, the tem-
perature of the strut will stlll be lower than the temperature of the
shell of the shell-supported blade. A camparison of the change in
stress-ratio factor with coolant-to-gas weight-flow retio per blade in
figure 13 shows that at a coolant-to-gas welght-flow ratio per blade of
0.04, the stress-ratio factors of the two blades are spproximately equal

~ el ————



3H

TOSZ

NACA RM E52C21 SANPIRENETAT, 17

but at a coolant-to-gas weight-flow ratio per blade of 0.03, the stress-
ratio factor for the strut-supported blade is 3.06. whereas that for the
shell -supported blade is 2.51. This difference in stress-ratio factor
increases rapidly with a decrease in coolant-to-gas welght-flow ratio per
blade. The strut blade, because of this higher stress-ratio factor at
low coolant flows, possibly could be operated at higher fturbine-inlet
temperatures for a given coolant-to-ges welght-flow ratio per blade or
at lower coolant-to-gas flow ratios per blade for given turbine-inlet
temperatures than the shell-supported blade. Rough calculations indi-
cate that the strut-supported blade made of Timken 17-22A(S) could be
operated at an effective gas temperature of approximately 2000° F at a
coolant-to-gas welght-flow ratio per blade of 0.035 with the cooling-
air temperature of 450° F.

[

Cooling effectiveness (for range of pressure losses) of strut-
supported blade and shell-supported blades. - A comparison of the: c00l-
ing effectiveness @ of the strut-supported blade with that of s 15-fin
blade {reference 2) and a reverse-flow blade (reference 4) over a range
of pressure losses at an engine speed of 10,000 rpm is shown in fig-
ure 1l4. The most significant feature of this figure is that for a glven
pressure loss the strut-supported blade temperatures are lower at any
given chordwise position then the tempersture for either of the other
two blades (high value of @ represents a low blade temperature). The
coolant flow range for all three blades was gpproximately the same;
therefore, for a given cooclant-flow rate the pressure loss for the strut .
blede 1s higher then that for the 15-fin blade, but lower than that for o
the reverse~flow blade.

The magnitude of the chordwise temperature gradients for the three
blades is indicated by the spread in the values of ¢ between the lead-
ing edge and the midchord regions of the blade. Even though the. pres-
sure losses for the 15-fin blade were low, the temperature gradients.
were very high. The film-cooled, reverse-flow blade was designed to
minimize the chordwise temperature gradients, but this was accomplished
only at the cost of high cooling-sir pressure losses. In addition to
the high cooling effectiveness, the strut-supported blade had low chord-
wise tempersture gradients of approximately the same magnitude as the
reverse-flow blade, but these low temperature gradients were obtained B
at much lower pressure losses. The pressure losses for the strut- o
supported blade possibly could be decreased by the proper design of o
the cooling-air passages within the blade. A brief analysis of the
factors that might cause the losses in the strut-supported blade to be o
higher than those in the 15-fin blade was therefore made in order to ’ L
cbtain some insight for improving future blade designs. A comparison
was made of the areas and flow paths through the strut blade and through
the 15-fin blad® along with a rough calculation of the contraction and
expansion losses that occur in the flow paths. This analysis indicated
that the flow areass and the friction losses for the two blades s&re
spproximately the same for three-fourths of the blade span from the

AR T
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blade root; but large losses occur in the base and at the 3/4-span
section of the strut-supported blade. The losses that occur in the
strut-supported blade are: the expansion losses that occur in the base
where the air passes through two slots and then expands into the plenum
chember at the platform of the blade (fig. 3(b)), the comtraction '
losses that occur when the ailr leaves the plenum chember and enters a
much smaller area that is bounded by the shell and strut at the root,
and ‘the expansion losses that occur at the 5/4—span position fram the
root where the flow area suddenly increases because of the termination
of the main body of the strut and the 0.020-inch thick fins. Although
these pressure losses are caused by turbulence thaet increases the heab-
transfer rete to the cooling air, this turbulence occurs only In local
regions where its effect is neither useful hor widespread. From the
brief analysis that was made, apparently the pressure losses through
the strut-supported blade can be greatly reduced if future designs
eliminate or decrease the sudden changes in flow areas within the blade,
especially the sudden change in flow ares at the plenum chamber at the
platform of the blade base. Even with the present design, however, the
strut-supported blade cooled more effectively for a glven pressure loss
than any blede previously investigated.

Comparison of Extrespolsted Experimental and
Calculated Average Strut Tempereatures

A comparison of average strut temperatures at the 5/8-span section
determined from extrapolated experimental date from the present report
end values enelytlically calculated in reference 10 is presented in 3
figure 15. The experimental data were extrapolated to the conditions
of the calculated date (Tg o Of 1530° F and Ty e,n Of 200° F) by

use of the average values of 1-® from figure 11. The calculated data
shown in figure 15 were teken from figure 7 of reference 10. From fig-
ure. 15 apparently the experimental and the calculated data agree fairly
well over the range covered by the comparison, Up to a coolant-~to-gas
welght-flow ratio per blade of 0.02, the meximum difference between
the extrapolated measured and the calculated temperatures amounts to
about 80° F, which is less than 10 percent-of the strut temperature.
An inspection of figure 12 shows that this 60° F variation will have
very little effect on the allowsble strength of Timken 17-22A(S) below
about 900° F, but will have a decided effect on the strength for tem-
perstures above 900° F. From this comparison the analytical method of
reference- 10 is concluded to be sufficlently accurate for predicting
the spproximate temperature level in a strut-supported blade for design
purposes as.long as the strut temperatures are below about 900° F. '

2501
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SUMMARY OF RESULTS

The following results were obtained in an experimental investiga-
tion in order to determine the cooling effectiveness and cooling-air
pressure losses of an internsl-strut-supported gir-cooled turbine-
rotor blade.

1. The relative temperature ratio (ratio of strut temperature to
effective gas temperature when both are corrected by the cooling-air
tempersture at the blade root) gave en approximste correlation of the
strut-tempersture date snd permitted extrepolation of the data to opera-
ting conditions other than the experimental operating conditions.

2. The main support member of the strut-supported blade was much
cooler than the shell of the shell-supported blades under the same
operating conditions. At rated engine speed with cooling air bled from
the compressor dischaerge and a coolant-to-gas weight-flow ratio per
blade of 0.03, the temperatures of the strut over the entire chord at
the 3/ 8-span position were sbout 190° F below the corresponding tempera-
tures of the shell of the most promlsing shell-supported blade previously
investigated. ' ' :

3. The strut-supported blade showed greater potential for higher
gas-temperature operation then the shell-supported blade, or at current
gas temperatures, the strut-supported blade opereted at lower coolant-
to-gas welght-flow ratios per blade than the shell-supported blade.

4, Below & coolant-to-gas weight-~-flow ratio per blade of 0.04 at
rated engine operating conditions, the stress-ratio factor of the
strut-supported blade was higher than that of the shell-supported blade,
thus indicating a greater load-carrying capacity for the strut-supported
blade at lower cooling-air flows.

5. Cooling-sir pressure losses through the strut-supported blade
were wilthin the range of losses encountered in shell-supported blades
previously investigated. Analysis of the cooling-air passage con-
figurations .in the strut blade indicated that these losses could be
reduced by redesign of the passages at the blade base without decreasing
the ¢ooling effectiveness.

6. Comparisons of the cooling effectiveness of the strut-supported
blade with those of two shell-supported blades (a 15-fin blade and a
reverse-flow blade) over a range of pressure losses at an engine speed
of 10,000 rpm indicated that the average temperature level of the strut-
supported blade is lower and the chordwise temperature gradients were
less than those of the shell-supported blades.

A
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7. Comparison of extrapoleted values of experimentelly measured
average strut temperstures with enalytically calculated values showed
that the two values agreed within 10 percent at low cooling-air flows
and the analytical method of predicting strut temperatures is therefore
sultable for design applicetion. B _ o

Lewis Flight Propulsion Laboratory T
Nationel Advisory Committee for Aeronautics
‘Cleveland, Ohio ' h
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APPENDIX A

METHOD OF ANATYZING SHEAR FORCES IN SPOT WELDS
ATTACHING - SHELL TO STRUT

In the calculation of the shear forces in & spot weld between the
shell and strut of the internsl-strut-supported blade, a 0.27-inch
radial spacing between adjacent rows of welds was assumed. Thls
resulted in-14 chordwise rows of spot welds (fig. 2(b)). The calcula-
tions of the two loads, centrifugal and thermal, on the spot welds were
made separately and then superimposed. There would be scme differentisl
elongetion between the strut and shell due to centrifugel load alone,
but this load was omitied from the calculation of the spot-weld Fforces
because its magnitude would be slight compared with the thermel expan-
sion.

The calculation of the thermal loads on the spot welds was based
on the following assumptions:

(1) The elongation of the shell is equal to that of the strut at
each row of spot welds.

(2) The spot welds supply whatever force is necessary to meke up
the difference that would occur in elongastion Petween the strut and the
shell due to thermal gradient alone if the two were not attached.

(3) The strut temperature at each station is the average strut tem-
perature at that station. The values used for hoth gverage strut tem-
perature and shell temperature were those calculated in reference 10.

An equetion for the elongation at any station n (fig. 2(b)) on
the shell due tc thermal-expansion spot-weld -forces is:

) =93 -1 + 1o -
sh,n sh,n-1 st~Tsh A Een

(B1)

A similar equation cen be written for the elongation of the strut at
station n:

(Fn + Fn+l + + 0 o+ F14)7'

Sst’n = Gst,n_l + ZO:'S'[';ATS'[Z + AstEst (BZ)
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Because the elongation of the shell is assumed to be equal to the -

elongation of the strut st any station =, equation (B1) can be set
equal to equation (B2).

(Pp + Fppg + v o +Fi4)1
Ssh,n-1 + 1o Ty - =

A:—3'!1E sh

(Fp + Fppg + + o o + Fu)l
) 1+ 1o + ' - = (B3)
st,n-1 T stiTl st BAgiEgt

But ssh,n-l equals Sst,n-l’ therefore these guantities may be elimi-
nated to gilve :

sh shst st(u' sh ~ a’StATSt)
shEsh + AstEst

(Fp + Fpyq + « « « + Fy) = (B4)

If Xp 1is set equal to the summation (Fp + Fpey + ... » + Fig) in

each case, 14 equatlons are obtained, each of which contains one =
unknown ZXp. After solving for this unknown in each case, Fy may be

cbtained from the equation F, =X, - X, 4.

ot
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APPENDIX B

SYMBOLS
The following symbols are used in this report:

crogs-gectional area at plane midway between stations n and
n-1l, sq in.

elastic modulus of materiel at plane midway between stetions n
and n-1, 1b/sq in.

force exerted by row of spot welds in the radial direction, 1b

radial distance between rows of spot welds at stetions n and
n-'l_, i]'_'l.-

engine speed, rpm

static pressure, in. Hg absolute
total pressure, in. Hg gbsolute
radius from cen‘lfer of rotor, £t
static temperature, °F

total temperature, °F

temperature increment gbove 70° F at plane midway between stations
n and n-1, OF

welght-flow rate, 1b/sec

summation of forces F from ntt row to tip of blade, 1b

pressure-loss parameter, rotor hub to blade tip, in. Hg

Pressure-loss parameter, blade root to blade tip, im. Hg

average ccocefficient of t_herma.]_. expansion between 70° F and tem-
Perature at plane midway between stations n eand .n-1,

in./(in.) (°F)

change in radisl position of any plane when temperature of blade
changes from 70° F to assumed operating temperature 5, in.

=T
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n ' efficiency of cooling-air compression in turbine rotor
density, slug/cu £t

P temperature~-difference ratio, (Tg,e = TB)/(TS,e - T&:e:h)

w angular felocity of rotor, radians/sed
Bubscripts:

A combustion alr

a blade-cooling air

B cooled~-blade primary support member

’

¢ . compressor ...

e effective temperature

g carbustion gas

H hub of rotor ~
h root of blade : | ;

i iniet

m mixture of combustion gas and of scavenge, bearing-cooling, and‘
blade-cooling air in tail pipe : ) . o

n nth station (fig. 2(b))
n-1 (n-1)5t station (fig. 2(b))
r rotating ccnditions
5 static conditions

" sh blade shell

8t blade strut

T:\

blade tip

NACA standard sea-level conditions

Relovgunsinsi=—-0

B -j“
i



4H

LVao

NACA RM E52C21 o Cw 25

REFERENCES

1. Ellerbrock, Hermen H., Jr., and Stepka, Francis S.: Experimental
Investigation of Air-Cooled Turbine Blades in Turbojet Engine.
I - Rotor Blades with 10 Tubes in Cooling-Air Passages., NACA RM
E50I04, 1950.

2, Hickel, Robert 0., and Ellerbrock, Hermsn H., Jr.: Experimental
Investigation of Air-Cooled Turbine Blades in Turbojet Engine.
II - Rotor Blades with 15 Fins in Cooling-Air Passages. NACA RM
E50I14, 1950.

5. Hickel, Robert 0., and Smith, Gordon T.: Experimental Investigation
of Alr-Cooled Turbine Blades in Turbojet Engine. III - Rotor
Blades with 34 Steel Tubes in Cooling-Air Passsges. NACA RM
E50J06, 1S50.

4. Ellerbrock, Hermen H., Jr., Zalabsk, Charles F., and Smith, Gordon T.:
Experimental Investigation of Air-Cooled Turbine Blades in Turbojet
Engine. IV - Effects of Specigl Leading- and Trailing-Edge Modil-
fications on Blade Tempersture. NACA RM E51A19, 1951.

5. 8mith, Gordon T., and Hickel, Robert O.: Experimental Investigation
of Air-Cooled Turbine Blades in Turbojet Engine. V - Rotor Bledes
with Split Trailing Edges. NACA RM E51A22, 1951.

6. Arne, Vernon L., and Esgar, Jack B.: Experimental Investigation of
Air-Cooled Turbine Blades in Turbojet Engine. VI - Conduction and
Film Cooling of Leading and. Trailing Edges of Rotor Blades. NACA
B E51C29, 1951.

7. Smith, Gordon T., and Hickel, Rébert 0.: Experimental Investigation
of Air-Cooled Turbine Blades in Turbojet Engine. VIII - Rotor
Blades wilth Capped Leading Edges. NACA RM EG1HI4, 1951.

8. Stepka, Frencis S., and Hickel, Robert O.: Experimental Investiga-
tion of Air-Cooled Turbine Blades in Turbojet Engine. IX - Evalua-
tion of the Durability of Noncritical Rotor Blades in Engine Opera-
tion. NACA RM E51J10, 1951,

8. BEsgar, Jack B., and Clure, John L.: Experimentsl Investigation of
Air-Cooled Turbine Blades in Turbojet Engine. X ~ Endurance
Eveluation of Several Tube-Filled Rotor Blades. NACA RM ES52B13.

10. Schramm, Wilson B., and Nachtigell, Alfred J.: Analysis of Coolant-

Flow Requirements for an Improved, Internal-Strut-Supported, Air-
Cooled Turbine-Rotor Blade. NACA RM ESIL13, 1952.

SRR Ay



26 LSRR NACA RM E52C21

11. Long, Roger A., end Esgar, Jack B.: Experimental Invéstigation of
Air-Cooled Turbine Blades in Turbojet Engine. VII -~ Rotor-Blade
Febricetion Procedures. NACA RM EH1E23, 1851,

12. Anon.: Timken 17-22A and Other Bolting Steels for High Temperature
Applications. Tech. Bull. No. 36, Timken Bolting Steel Data
Sheets, Steel and Tube Div., The Timken Roller Beasring Campany
(Canton), 1948. :

b

Irii

2501



2501

NACA RM E52C21

TABLE T - SWMMARY OF ENGINE OPERATING CONDITIONS WITH FULL-LENGTH BIADE

TSR,

27

~NEA

Cooling-air

Serles | Engine | Average Aversge conditions Coolant-to~ | Relative temperature retio
speed | effective bit' campressor Inlet | welght flow | gas welght- l-9

N gas tem- Total Total per blede flow ratio Thermocouple location

(zpm) perature pressure | temper- LA per blade =
t
g,e Py,e,i ;."bure (1b/sec) wa/ Vg 3 5 s
{oF) {in. Hg sbs)|“A,c,i .
(6%}

A 4008 1138 29.84 87.9 0.050 0.138 0.198 |0.285°|0.135 | 0.179
4000 .040 .110 231 | .315 .159 .207
3998 .036 .098 .247 | .325 | .171| .220
4006 031 .085 274 .351 | .1s0] .238
4006 .02s .068° .281 | .374 .215 | .262
4002 020 055 .288 400 } .242 | .281
3996 .015 04l .352 '} 436 .277 .318
- 4008 012 .033 .380 | 465 | .301| .337
4010 .010 .028 413 .494 | 330 | .363
B 6008 1066 28.83 80.9 0.051 0.097 0.224 |0.323 |0.181 | 0.219
6006 ' L041 .078 .257 . 357 .205 | .248
6012 .036 .068 272 | .371 | .218 | .257
6014 031 .058 .296 | .397 237 | .279
6008 . 026 049 .320 | .418 .257 .297
5998 .020, .038 355 .454 .286 | .327
6006 015 .029 .396 | 492 | .324 .355
5996 .013 .025 .426 § .522 | .359 .382
5996 .010 .018 .465 | .558 | .398 .408
c 8060 1041 29.29 84.9 0.079 0,103 0.199 [0.289 [0.177 | 0.202
8080 . .072 .094 .220 | .307 | .188 | .219
7996 .063 .083 .223 | .326 | .200 | .233
7990 .051 0BT - .243 .348 | .218 [ .250
8052 .040 .052 .279 | .378 | .238 .279
8022 .038 047 .290 [ .381 | .248 | .292
8020 031 041 .30 | 408 | .263 | .302
8022 .025 .033 335 [ .433 .282 | .39
D 9028 1065 29.29 88.8 0.094 0.106 0.191 |(0.284 0,176 |0.204
8980 : .079 .089 .211 | .306 | .189 .226
9064 071 .080 .227 .325 | .205 | .239
9018 .064 072 245 341 | .215 | .255
8994 .051 .058 .257 .355 .223 | .265
8000 040 .045 .284 | .385 | .243| .284
9006 .036 L041 .302 .400 | .260 300
8018 .030 .034 320 | 417 271 313
9008 .025 .028 | .340 | .438 | .287 329
E 10018 lo92 29.28, 89.8 0.107 0.104 0.188 [0.272 10,180 | 0.207
10024 .099 .096 .194 | .276 .184 .224
10026 .095 .091 .199 .292 .189 .218
10028 .080 077 .216 | .321 | .205 .240
10030 071 .068 .230 ) .345 .208 | .250
10050 .063 061 .248 | .369 .224 267
10050 .051 .049 264 .382 | 234 .281
10052 041 . .039 .295 | .421 | .253 | .299
10046 .035 034 300 | 437 .258 .310
10040 .030 .029 318 | .463 | .271 | .319
10040 .025 .024 .348 485 | .293 | .327
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TABLE II - SUMMARY OF ENGINE OPERATING CONDITIORS WITE SHORTENED BLADE

Beries | Engine | Average | Average conditions |Cooling-air | Coolant-to- | Relative temperature ratloc
speed | effectlive | &t canpressor. inlet { weight flow | ges weight- L-Q -

N gas tem~ Totel Total ~|per blade | flow ratic Thermocouple locetion -

(rpm} | perature pressure |temper- Vg, per blade -
Tg,e Ph,c,t. ;‘l".ure .| (1v/sec) wa/wg 4 5 6 .
{°F) (in. Hg sbs}| "4,c,1 . :
(4%$

F - 3932 1678 ° 29,46 72.0 0.072 - 0.197 0.270 0.148 0.187
3930 . : o 041" .113 .315 .213 |, .258.

3937 021 .056 465 320 347

3937 . .010 .028 533 | 386 .400

G. 5885 1000 ™. 29.47 71.Q 0.072 ) 0,136 0.286 ©.186 0.228
5890 T Rk RN .078 .552 .240 .283

5883 " .020 .038 465 2320 348

SA80 g . .010 .020 .524 576" .388

H 7835 964 .. 29.47 70.0 0.072 0.084 0.343 0.217 0.252°
7845. L .050 .086 .379 . 247 ,281

7840 041 .054 .396 .272 305

7845 031 .040 .438 .298 .3%0

I 9735 1032 29.48 68.0 0.090 0.087 0,327 0,233 0.252
9740 071 069 376 .262 .282

9730 .050 .050 431 . 304 .318

9730 ) - JO3L 030 .512 . .368 .563

J 11520 | . 1296. 29.52 58.0 0.183 0.138 0,277 0.182 - 0,199
11498 : i 160 121 .284 .192 .210

11505 123 .083 342 .225 261
11508 .085 . 064 401 263 284
‘11503 084 .048 453 +304 .312
11501 . ' . .048 036 .495 340 . 529
11505 .036 .027 .523 .373 347

11501 .024 .018 .575 459 L3867
11505 .016 .02 - .820 573 401

11505 s 014 .011 .645 .686 423
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() Shell mnd supporting strut before assembly,

29

-

FMare 1. - Internsl-strut-supported blade.
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s e
: wdge =

(v) After instrumentation and essembly (suction surface).

Figure 1, - Comeluded. Intemal-str_ut-supported: blade,
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rTrailing edge

Fins
0.005 clearance I

e s

\‘z‘“uu\mm/"}/}

(2) Chordwise cross-sectionsl view at root section.

Figure 2. - Diagram of air flow pessages and spot-weld locations on
(A1l dimensions in inches.)

internal-strut-supported blade.
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Station 14
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—-1— Station n R
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—-L Station n --1 - e
] .
Blade-basge
plenum chamber . . -
slots o4
Cooling air flow : .
(p) Spa.n_‘wise'cross-sectiona.l vie_}__f_at sectlon A-A. P
Figure 2. - Concluded. Diegram of air flow passages and gpot-weld locatlone on internal- "
strut-supported blade. R SR R T
-



1

i
l

4

% o

Hg:

‘Ihermocouple 5
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Thermocouple 2

Thermoecuple 1

Ir — N -

C. 27457

(2} Suction spurfsce,

Figure 3. - Thermocouple installations in internsl-ptrut-supported blade.
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(b) Pressure murface.
Figure 5. - Concloded. Thermocouple installations in internal-gtrot-supported blade.
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Section A-A Section B-B
1.9 7 T 1.9 7% X Thermocouple
—0.95 |+ | 1.65 Fe
0.81. ™
0.45 > r_ . Section C-C
ol s g
y el
o A
1.15 _ I
2.32 X3 l 2.5 2.56 .
| . ;
I
2 A ‘

o -

to

Y Sl = BAY \\\l

~(Cocling-alr

N\, N CA&\\\\\\\\

(a) Suction surfece, (b) Pressure Emrface, (c) Buction surface,
internal -strut- internal-gtrut- uncooled solid
supperted blade. supported. blade. blade.

F:Lgure 4, - Schematic dlagrams of thermocouple locations on full-length internal—strut -supported
blade and uncooled eolid blade. (A1l dimensions in inches.)
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Strut temperature, °F
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Figure 6. - Chordwlse temperature distribution at 5/ 8-span
position on strut of internal-strut-supported blade for
various coolant-to-gas weight-flow ratios per blade at
engline speed of 10,000 rpm.
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. Blade
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2 [— Thermocouple = —————— Full-length o

& ————— Shortened -
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Engine combustion-gas weight flow, W 1b/sec ’ R

Flgure 8. - Variation of relative temperature ratio 1 - ® for struts of full<length =~ =~ _ ~
and shortened internsl-strut-supported blades with engine combustion-gas weight
flow for coolent-to-gas welght-flow ratio per blade of 0.0S.
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Figure 9. - Cooling-air pressure loss through strut-supported o T L
blade for renge of cooling-air flows per blade.
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Temperature of supporting member, %p
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1600 .

—— ] i -
1400
Internal-strut-supported blade
———— Tmproved shell-supported blade.
(vlade 12, reference 9)
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(b) Coolant-to-gas weight-flow

( a) Coolant-to-gas welght-flow
ratio, wa/wg, 0.03.

ratio, wa/vwg, 0.05.

Figure 10. -~ Comparison of average chordwlse temperature distributions of
primary supporting member of strut-supported and shell-supported blade
at combustion-ges flow of 71.4 pounds per_gecond and engine speed of
approximately 11,500 rpm. Cooling-air tempersture at blade root,

Ta e,h’ 450°
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Relative temperature ratio, 1 - @

Filgure 11, - Comparison of avefage relative temperasture ratios
menber of improved shell.-supported blede and internal-strut-supported blade at 5/8-span

Coolant-to-gas weight-flow ratic per blade, Wa/'ﬁ'g

l- tp for primary supporting

position for various coola.nt—to-ga.s welght-flow ratios per blade at engine speed of

11500rpm.
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Allowable atress, psi
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v

140 1365
- :
120f= S —  NACA data ]
e S ———— Yleld-stress .
. o A (0.2 percent set)
N - . """ {reference 12) ]

40 - — Pl . N

20 . - \

500 600 TL700 . 800 ~° g0 . 11000 ° ° 1100, l200  13Q0
Metal temperature, OF

Figure 12. - Stress-rupture data for 100-hour test on Timken 17-22A(8) alloy steel. Heat-
treatment: normalized at 1725° F, stress relleved 6 hours at 1200° F and air cooled with a
hardness of Rockwell C-34. .
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Stress~ratio factor
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/

.02

.03
Coolant-to-gas welght-flow

ratio per blade, wh/wg

.04

.05

Figure 13. - Comparison of stress-ratio factors of
strut-supported blade and shell-supported blade
at .rated engine speed(11,500 rpm), effective gas
temperature of 1450° ¥, and cooling-air temper-
.ature of 450° F.
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GRS 45
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Effective combustion gas temperature Tg e 1530° F
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Figure 15. - Comparison of average calculated and messured

strut temperatures for various coolant-to-gas welght-flow

ratios per blade.
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